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Creating Free-Standing Lipid Bilayers on Fused Silica Substrates with
Nanograting Structure
Po-Yu Peng, Po-Chieh Chiang, Ling Chao.
National Taiwan University, Taipei, Taiwan.
Supported lipid bilayer membranes have been widely used to study protein-lipid
membrane interactions. However, the membrane physical properties are often
influenced by the solid support, which may affect the interested interactions.
Some previous studies have created free-standing bilayers by depositing unila-
mellar vesicles on the pores with sizes smaller than the vesicles or by using
shear-driven bilayers to span over nanopores at high pH. However, these
methods may not form continuous bilayers in a large scale or may not apply
to various types of lipids. Here, we developed a theory, based on extended-
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and Helfrich bending
theory, to estimate the appropriate conditions for creating free-standing lipid
bilayers on solid supports with nanograting structure. We calculated how the
buffer conditions, lipid types, and the solid support geometry can influence
the affinity between the lipid membrane and the solid support, and the bending
energy of the lipid membrane. When the bending energy dominates the entire
energy of the system, we predicted that the membrane would form free standing
bilayers above the trenched area of the nanograting solid support. On the other
hand, if the support-membrane affinity dominates, the lipid bilayer can easily
bend and follow the contour of the solid support. In order to tune the relative
size of the support-membrane affinity, we prepared buffers with a series of ionic
strength (from 5 mM to 100 mMNaCl) and fused silica substrates with periodic
100 nm and 200 nm nanograting structure. The characterization of membrane
states by fluorescence recovery after photobleaching measurement shows that
our experiment results well match the theoretical predictions and that the devel-
oped theory could be used to predict the suitable conditions for the free-standing
bilayers to form on solid supports with various kinds of geometry.
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Conventional methods for vesicle production lack the uniformity in size and
composition required for many scientific and technological applications. To
overcome these limitations, we present a microfluidic approach for the produc-
tion of giant unilamellar vesicles (GUVs) using monodisperse water-in-oil-in-
water (W/O/W) double emulsion drops as templates. The middle oil phase is a
mixture of the lipids that ultimately form the GUV membranes, dissolved in a
mixture of a highly-volatile good solvent and a less volatile poor solvent. The
shell formed by the middle phase around the aqueous double emulsion core is
less than a micron thick, much smaller than in typical double emulsion tem-
plates; this enables the fabrication of GUVs that contain minimal residual sol-
vent within their membranes. The evaporation of the good solvent forces the
bad solvent to dewet from the double emulsion drops, forming GUVs that sta-
bly encapsulate the material within their cores. By carefully controlling the
lipid composition of the middle phase, we show that lipid microdomains
form during the dewetting process. Our work thus demonstrates a straightfor-
ward approach to GUV fabrication that enables control over the GUV size, lipid
composition, and the formation of microdomains within the GUV membrane.
Platform: Cell Mechanics and Motility I
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2Chemical Physics, Weizmann Institute of Science, Rehovot, Israel.
Mechanical cues from the extracellular microenvironment play a central role in
regulating the structure, function and fate of living cells. Nevertheless, the pre-
cise nature of the mechanisms and processes underlying this crucial cellular
mechanosensitivity remains a fundamental open problem. Here we provide a
novel framework for addressing cellular sensitivity and response to external
forces by experimentally and theoretically studying one of its most striking
manifestations- cell reorientation to a uniform angle in response to cyclic
stretching. We first show that existing approaches - which are focused on the
cell cytoskeleton - are incompatible with our extensive measurements of cell
reorientation. We then propose a fundamentally new theory, that shows thatenergy minimization, at the level of the cell-substrate focal adhesion sites,
drives the reorientation process. The overall reorientation dynamics are entirely
controlled by two constant cell parameters which can be independently
measured; a focal adhesion anisotropic elastic parameter - controlling the final
alignment angle - and molecular kinetic rates of focal adhesions - governing the
reorientation timescale. We demonstrate that the theory is in excellent quanti-
tative agreement with the complete temporal reorientation dynamics of individ-
ual cells, measured over a wide range of experimental conditions. It, moreover
offers new venues for predicting and controlling cell behavior in response to
mechanical cues from the microenvironment.
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Compression, Volume and Proliferation Arrest
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Mechanical cues can influence tumor growth and cell proliferation (Jain, 2012;
Fletcher, 2012, Ka¨s, 2010). In particular, we showed in previous studies that a
constant mechanical stress applied onto multicellular spheroids inhibits their
growth reversibly by inhibiting cell proliferation without an effect cell death.
Although it seems clear that mechanical stress can affect cell proliferation, it
remains unclear how the cells feel their mechanical environment. We propose
that the cell volume could be such a sensor.
Macroscopically, we observed that when we apply a compressive stress onto
spheroids, their volume decreases faster than the typical time required for pro-
tein synthesis or cell division. Interestingly, this decrease is strongly correlated
with the drop of the spheroid growth rate observed on longer time scale.
We developed a novel approach that enables us to have access to the cell diameter
inside the spheroid. We showed that on very short timescale, the volume reduc-
tion of the spheroid correlates with a cell volume reduction inside the spheroid,
mostly in the center. Using immunofluorescence staining, we show that this
reduction is followed by and correlated to an over expression of the cyclin-
dependant kinase inhibitor p27(Kip1). On longer timescale, the over expression
of p27(Kip1) correlates with the drop of cell proliferation inside the spheroid.We
believe that this volume reduction triggers a biochemical sequence that arrests
the cells in the cell cycle. By combining flow cytometry and Western blots, we
observe that the cells are indeed blocked at the level of the restriction point.
We have obtained the same results using 5 different cancer cell lines suggesting
that regulation of the cell cycle through mechanical stress is a general phenom-
enon. This phenomenon strongly supports a conserved mechanism by which
cells can control their proliferation by controlling their volume.
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The Evolution of Mechanical Properties of Differentiating Stem Cells is
Fate- and Function-Dependent
Andrew Ekpenyong1, Jochen Guck1,2.
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Although cellular mechanical properties are known to alter during stem cell dif-
ferentiation, understanding of the functional relevance of such alterations is
incomplete. Here, we show that during the course of differentiation of human
myeloid precursor cells into three different lineages, the cells alter their visco-
elastic properties, measured using an optical stretcher, to suit their ultimate fate
and function. Myeloid cells circulating in blood have to be advected through con-
strictions in blood vessels, engendering the need for compliance at short time-
scales (< seconds). Intriguingly, only the two circulating myeloid cell types
have increased short time scale compliance and flow better through microfluidic
constrictions.Moreover, all three differentiated cell types reduce their steady-state
viscosity by more than 50% and show over 140% relative increase in their ability
to migrate through tissue-like pores at long time-scales (>minutes), compared to
undifferentiated cells. These findings suggest that reduction in steady-state viscos-
ity is a physiological adaptation for enhanced migration through tissues. Our re-
sults indicate that the material properties of cells define their function, can be
used as a cell differentiation marker and could serve as target for novel therapies.
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Structural information related to rearrangement of the cytoskeletal and nucle-
oskeletal structure, induced strains, and biochemical distributions are metrics
for understanding cell response. However, structural information during
applied stress is limited by our ability to image the cells under load. In order
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nucleus, we developed a unique system that couples an Atomic Force Micro-
scope (AFM) with a new imaging technique called PRISM - Pathway Rotated
Imaging for Sideways Microscopy. PRISM allows for simultaneous horizontal
and vertical fluorescence imaging of a single cell. The combined AFM and
PRISM system enables acquisition of 3D images of cell structure with accom-
panying piconewton resolution force measurements. We use this new technique
to observe nuclear deformation from the side in real time. From these experi-
ments we can measure a cell’s mechanical response (AFM) and strain maps
of punctate labeled nuclei (PRISM). Additionally, we will show how external
forces induce a strain in chromosome territories. Our larger goals are to inves-
tigate how external mechanical stimuli structurally affects the genome and
thereby alters gene expression, motility and differentiation.
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Imaging Mechanical Force Transmission at Single Integrins in Living
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MasatoshiMorimatsu,ArmenH.Mekhdjian,AliceChang,AlexanderR.Dunn.
Stanford University, Stanford, CA, USA.
Mechanical interactions between cells and the extracellularmatrix (ECM) exert a
profound influence on cell migration, proliferation, and stem-cell differentiation.
However, how cells generate and detect mechanical force remains poorly under-
stood, in part due to a lack of methods that visualize molecular-scale forces in
living cells. Here we describe a Fo¨rster resonance energy transfer (FRET)-based
molecular tension sensor (MTS) that allows us to directly visualize cellular forces
at the single molecule level. We designed a MTS that binds to a glass coverslip
via avidin or covalent bond at one end and presents an integrin binding site at the
other.Cellular integrins bind surface immobilizedMTSs and transmit force to the
FRET module, resulting in decreased FRET with increasing load. In agreement
with previous work, we find that force generation is largely confined to dense
integrin-containing assemblies termed focal adhesions (FAs). The enhanced
spatial resolution of our measurement in comparison to previous techniques al-
lows us to directly visualize the distribution of forces within FAs. We observe
localized force generation that is only weakly correlated with paxillin recruit-
ment, a standard marker for FA maturity, consistent with the proposal that FAs
are structurally heterogeneous on the submicron length scale. FRET values
measured for single MTS molecules are consistent with tensions ranging from
1 to 5 pN, substantially less than those required to rupture integrin-ligand bonds.
These relatively modest tensions suggest that the collective contribution of
numerous weak integrin-binding interactions can be sufficient to drive robust
cell adhesion, and by extension mechanotransduction.
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International School for Advanced Studies, Trieste, Italy.
The Arp2/3 complex simultaneously controls nucleation of actin polymeriza-
tion and filament branching. We used optical tweezers and video imaging to
analyse the role of Arp2/3 in the motility of lamellipodia from developing
growth cones (GCs) of isolated Dorsal Root Ganglia (DRG) neurons. Kymo-
graph analysis shows that inhibition of Arp 2/3 complex with 100 mM
CK548 completely abolished the lamellipodia motion. Surprisingly when the
activity of Arp2/3 is inhibited by 25 mM CK548, lamellipodia shrank for 6-8
min but then reappears again and show an almost normal motility. The average
period to complete protrusion and retraction cycles of lamellipodia 76 s in con-
trol, increased to 110 s after the recovery from the exposure to this drug. The
drug CK548 decreased, initially, the ability of the lamellipodia to lift up in
the axial direction, but after the recovery lamellipodia were able to lift 4 mm
up above the coverslip as in control conditions. The force generated by lamel-
lipodia and their maximal protrusion velocity decreased when the concentration
of drug CK548 is increased from 25 to 100 mM. After the recovery of an almost
normal motility, ruffles were present but had a different shape and were more
fragmented and invaginated, suggesting an altered cytoskeleton. These results
show that Arp 2/3 is important in maintaining the morphology and the motility
of the neuronal growth cones but in neuronal lamellipodia several distinct path-
ways contribute to actin filament branching and to their cross-linkage.
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Probing Cell Membrane Mechanics by Magnetic Particle Actuation and
3D Rotational Particle Tracking
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The mechanical properties of the cell membrane and the actin cortex determine
a variety of cellular processes. An accurate description of their mechanics anddynamics necessitates a measurement technique that can capture the inherent
anisotropy of the system. We combine magnetic particle actuation with rota-
tional and translational particle tracking to simultaneously measure the me-
chanical stiffness of the membrane and the actin cortex in living cells in
three rotational and two translational directions.
We demonstrate the technique by targeting various types of membrane recep-
tors. When using particles that bind via integrins, we measured an isotropic
stiffness and a characteristic power-law dependence of the shear modulus on
the applied frequency. When using particles functionalized with immunoglob-
ulin G, we measured an anisotropic stiffness with a strongly reduced value in
one dimension. We suggest that the observed reduced stiffness is caused by a
local detachment of the membrane from the subjacent cytoskeletal cortex.
Furthermore, we use functionalized particles as phagocytic targets for macro-
phages. Although phagocytosis is an inherently mechanical process, little is
known about the forces and energies that a cell requires for internalization.
We use our technique to measure the stiffnesses of the phagocytic cup as a
function of time. The measured values and their time-dependence can be inter-
preted with a model of a pre-stressed membrane connected to an elastically
deformable actin cortex. A comparison of model and data allows a determina-
tion of the speed at which the membrane advances around the particle. This
approach is a novel way of measuring the progression of phagocytic cups
and their mechanical properties in real-time.
We expect that our technique will enable new insights into the mechanical prop-
erties of cells and will help to better understand numerous cellular processes.
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Tight Coupling Between Nucleus and Cell Migration through the Perinu-
clear Actin Cap
Dong-Hwee Kim, Denis Wirtz.
Johns Hopkins University, Baltimore, MD, USA.
Eukaryotic cells alternate between episodes of fast and persistent movements
and ‘‘hesitation’’ episodes of low speed and low persistence. Unlike the
well-understood tumbling dynamics in E. Coli, the molecular mechanism
that controls the dynamic changes in morphology, speed, and persistence of
eukaryotic migratory cells remains unclear. Here, we show that the movement
of the interphase nucleus during random cell migration switches intermittently
between two distinct modes - rotation and translocation - that follows with high
fidelity the sequential rounded and elongated morphologies of the nucleus and
the cell, respectively. Nuclear rotation and translocation respectively mediate
the stop-and-go motion of the cell through the dynamic formation and dissolu-
tion of the contractile perinuclear actin cap, which is dynamically coupled to
the nuclear lamina and the nuclear envelope through LINC protein complexes.
A persistent cell movement driven by the actin cap and accompanied by actin
cap-mediated nuclear translocation, is stopped following actin cap disruption,
which in turn allows for the cell to repolarize thanks to dynein for its next
persistent move thanks to dynein-mediated nuclear rotation.Workshop: Polarizable Force Fields from
Biomolecular Simulations
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Accurate potential functions based on simple and computationally tractable
functional forms are essential for meaningful molecular dynamics simulation
studies of biomolecular systems. Towards this need we have developed a polar-
izable force field based on the classical Drude oscillator model. Built on a foun-
dation of parameters optimized targeting a range of experimental and quantum
mechanical (QM) data for small molecules representative of macromolecules,
force fields for proteins, lipids, nucleic acids and carbohydrates have been
developed. Extension of the polarizable model from small molecules to macro-
molecules required additional optimization of the electrostatic parameters in
the context of the biopolymers, iterative optimization of the torsion potentials
targeting both QM and experimental data and the inclusion of pair specific
Lennard-Jones parameters. Examples from optimization of the polarizable
model for proteins and nucleic acids will be presented, including results
from explicit solvent simulations of 100 ns and longer.
